Limits and opportunities for miniaturising ultrasonic surgical devices based on a Langevin transducer by Li, Xuan et al.
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2021.3065207, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control
 1 
 Abstract — Minimally invasive surgery offers opportunities for 
reduced morbidities, faster post-operative recovery and reduced costs 
and is a major focus of surgical device innovation. For ultrasonic 
surgical devices, which offer benefits of high precision, low force and 
tissue selectivity in surgical procedures, there exist laparoscopic 
ultrasonic shears for minimally invasive surgeries that combine tissue 
cutting with vessel haemostasis and sealing functions. Another 
approach to laparoscopy that could enable new procedures and 
increase the sites of surgeries that could be reached by an ultrasonic 
device, involves integrating a miniature ultrasonic tool with a flexible 
surgical robot. However, miniaturisation presents challenges in 
delivering the ultrasonic vibrational energy required to cut hard and 
soft tissues, partly due to the concomitant small volume of 
piezoelectric material. This paper aims to provide insights into the 
trade-offs between transducer size, volume of piezoceramic material, 
resonance frequency, and the achievable displacement amplitude of 
devices that, consistent with current ultrasonic surgical tools, are based 
on a bolted Langevin transducer (BLT) and tip. Different 
configurations of BLTs are studied, including a cascaded version, 
simple bar versions, and BLTs with different front mass geometries.  
Results show that a BLT with a larger number of piezoceramic 
rings exhibits a higher coupling coefficient 𝑘eff  but with the 
compromise of a lower mechanical Q and stronger nonlinear response 
at increasing excitation levels. Displacement amplitude is reduced 
considerably when a BLT is excited at a higher harmonic, where the 
PZT rings are maintained at a nodal plane, and the resonance 
frequency shift at increasing excitation levels increases significantly. 
The electromechanical and dynamic characteristics of a cascaded 
transducer excited in its 3rd longitudinal mode (L3) are almost 
equivalent to a much shorter version of a BLT driven at the same 
frequency but in its 1st longitudinal mode (L1), showing that a 
cascaded BLT can be a realistic proxy for studying the dynamics of 
small BLT devices. A new figure of merit is proposed that is the 
product of Q, 𝑘eff
2  and gain, which accounts for the gain of cylindrical 
BLTs which is shown not to be unity. It also proves effective as it 
incorporates the key factors affecting the achievable displacement 
amplitude of a BLT, including for BLTs with gain profiles in the front 
mass. The order of highest to lowest amplitude of a series of six 
gain-profile BLTs matches the order estimated by the figure of merit. 
It is shown that a BLT with a stepped profile front mass can achieve 
displacement that has the potential to cut hard or soft tissue and 
exhibits the smallest shifts in resonance frequency at increasing 
excitation levels. 
 
Index Terms—Ultrasonic surgical device, Langevin transducer, 
miniaturisation, minimally invasive surgery. 
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I. INTRODUCTION 
LTRASONIC surgical devices generally operate in resonance 
at an ultrasonic frequency in the 20 – 70 kHz range and 
have proven to provide precise tissue cutting with low lateral 
mechanical and thermal damage and effective haemostasis [1].  
 For cutting of hard tissue, where the devices operate at the 
lower ultrasonic frequencies (generally between 20 kHz and 35 
kHz), surgical tips exhibit tissue selectivity [2] and require low 
cutting force due to the inherent characteristics of the ultrasonic 
cutting and fragmentation mechanisms. The first ultrasonic 
devices for bone cutting can be dated back to the early 1950s, 
for applications in dentistry [3], although commercial devices 
for osteotomies only emerged 50 years later [4]. Originally 
adopted for oral and maxillofacial surgical procedures, the 
technology is now more widely used in neuro and spinal 
surgeries and orthopaedics [5]–[9].  
For soft tissue cutting that performs both dissection and 
vessel sealing, larger ultrasonic amplitude and higher frequency 
(normally above 50 kHz) are commonly used [10], [11]. It has 
been reported that although the operating resonance frequency 
has little effect on the soft tissue coagulation depth, the higher 
resonance frequency increases the tissue coagulation ratio 
(defined as the ratio of area of coagulated region to surface area 
of the tip) significantly [12]. These devices, often referred to as 
ultrasonic shears, have also adopted for laparoscopic surgeries 
[13]. 
Although there have been numerous innovations and 
performance advancements of ultrasonic surgical device 
technology since its emergence, including different geometries 
of surgical tips for specific procedures [14], [15], different 
surgical tip vibration modes [16]–[18], and particularly 
advances in drive electronics [19], the consistent configuration, 
of a tuned Langevin-style transducer (BLT) with a resonance 
horn (or waveguide) and tip insert, has remained unchanged. 
 Fig. 1 shows the basic structure of a BLT based device. 
Commercial devices will typically accommodate a series of 
interchangable cutting inserts whose geometries are procedure 
specific. The device shown comprises a BLT with a stack of 
piezoceramic rings sandwiched, using a pre-stress bolt, 
between two end masses, plus a horn with a tapered or stepped 
profile to amplify the oscillation displacement amplitudes 
generated from the piezoceramic rings to the cutting tip. In this 
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example, the device is one full wavelength of the tuned 
longitudinal-mode frequency; the BLT is a half-wavelength 
and the horn and cutting tip combination is a half-wavelength. 
The whole ultrasonic device could alternatively be a 
half-wavelength by integrating the horn and tip into the front 
mass to create a shorter device, or a larger multiple of a 
half-wavelength, for example to create a laparascopic device. 
However, the generic BLT configuration, which limits the 
geometrical design envelope to device lengths of multiples of a 
half wavelength of the longitudinal-mode frequency, poses 
challenges for device miniaturisation. 
 
Fig. 1 Structure of a typical ultrasonic device 
The straightforward solution for creating a smaller length 
device is to operate at a higher resonance frequency, which is 
not consistent with the low ultrasonic frequencies currently 
used in commercial bone cutting devices. Also, a smaller 
diameter device means less space for the volume of 
piezoelectric material that is generally needed for tissue 
cutting. Some alternative solutions have been proposed, 
including incorporating ultrasonic vibration actuation in a 
flextensional transducer [20]. To date these have been 
lab-based prototypes and, while the results demonstrate that 
bone cutting is possible in devices considerably smaller in 
length than current BLT devices, the width (or diameter) 
dimension has tended to be larger in order to accommodate 
sufficient piezoelectric material. 
 The advantage of miniature devices, with both small length 
and small diameter, is the capability they offer for minimally 
invasive surgeries. Future innovations can, for example, be 
enabled through miniature devices that deliver the ultrasonic 
energy directly at the site of surgery through a small access 
route, or by integrating small ultrasonic surgical devices with 
flexible robotics, where the device can be manoeuvred and 
navigated to more difficult to reach surgical sites along tortuous 
pathways through small access routes [21]–[23]. To evaluate 
potential solutions for small devices, the devices used here have 
a diameter of 8 mm and length in the 50 – 70 mm range. The 
target peak-peak displacement is at least 30 microns, which is at 
the lower end of ultrasonic displacements used to cut hard and 
soft tissues. We have set this amplitude requirement to be at 
least 30 microns peak-to-peak in this study, to be consistent 
with the lowest amplitude settings of a number of current 
ultrasonic hard and soft tissue cutting devices [11], [20], [24]–
[27]. Here we investigate the factors that both limit and assist 
miniaturisation of devices that are based on a resonance 
longitudinal-mode BLT configured with a gain-horn and tip. 
II. METHODOLOGY 
A range of different BLTs is studied to elicit the knowledge 
of associated dynamic responses and how they benefit or limit 
miniaturisation. These BLTs are all shown in Table I. The 
nomenclature is BLT with a superscript that either identifies the 
control devices or indicates the distinguishing shape of the front 
mass and a subscript that indicates the number or arrangement 
of the identical PZT elements. It should be noted that the small 
fillet introduced at the diameter reduction of the stepped profile 
front mass is to reduce stress at that location but does not affect 
the gain.  
The investigation begins with a study of three slender bars, 
which form a single set of BLTs with an increasing number of  
piezoceramic elements. These bars are all nominally a half 
wavelength at 20 kHz, therefore tuned to the 1st longitudinal 
mode (L1), but they can also be excited at higher harmonics. 
The three bars act as a set of simple control BLTs (see Table I) 
tuned to a low ultrasonic frequency typical of power ultrasonic 
devices, and against which the ultrasonic vibrational response 
and behaviours of smaller devices can be compared. 
Next, a cascaded BLT is introduced, Fig. 2, consisting of 
three sets of piezoceramic rings that are connected 
mechanically in series and electrically in parallel, and are 
sandwiched by four metal masses. This configuration is tuned 
to its 3rd longitudinal mode (L3) frequency at around 60 kHz, 
and all 3 sets of piezoceramic rings are centred on nodal planes 
in this mode. This cascaded BLT is studied in order to compare 
its dynamic responses in L3 mode to that of a much shorter  
                                                 TABLE I 
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 and the longitudinal 
waveform 
BLT with a single set of PZT rings that is tuned to L1 mode at 
around 60 kHz (BLT(4)
(Bar)
 in Table I). The question posed here 
is: does the cascaded transducer excited in L3 mode behave 
dynamically similarly to a BLT excited in L1 mode that is 
roughly a third of the length (see Fig. 2). This is an important 
insight for understanding the dynamics of short L1-tuned 
devices and how the achievable ultrasonic amplitude of a BLT 
is affected by size. Additionally, the response of the cascaded 
BLT is compared to one of the control BLTs (BLT(4)
(Control)
 in 
Table I) excited in L3 mode, to study the effect of the volume of 
the PZT on the dynamic performance. Finally, six small BLTs 
are studied, with dimensions of approximately 8 mm in base 
diameter, 2.5 mm for the tip diameter, and 50 – 70 mm in length 
and with different geometries of tapered front mass. The aim is 
to characterise the amplitude amplification gains and dynamic 
response of the six configurations and identify how these, as 
well as the electro-mechanical coupling and mechanical Q, are 
affected by the size of the BLT and the shape of the front mass. 
 A hard PZT piezoceramic (PIC-181, PI Ceramic) material is 
used for all BLTs, with all piezoceramic rings acquired from a 
single batch supply to ensure consistency of properties. The 
dimensions and piezoelectric material properties are presented 
in Table II. The metal masses in the BLTs are titanium grade 5 
alloy, Ti-6Al4V, the pre-stress bolt is A2 tool steel, and the 
electrode material is copper, with material properties listed in 
Table III.  
TABLE II 
PIC-181 PZT MATERIAL PROPERTIES 
Outer diameter [mm]           8 
Inner diameter [mm]           4.3 
Thickness [mm]            2    
Density  [kg/m3]           7800  
Relative permittivity ε11
T           1500 
Relative permittivity ε33
T           1200 
Piezoelectric charge coefficient d31 [pC/N]    −120 
Piezoelectric charge coefficient d33 [pC/N]    265 
Piezoelectric charge coefficient d15 [pC/N]    475 
Elastic compliance coefficient S11
E  [m2/N]    1.18 × 10−11 
Elastic compliance coefficient S33
E  [m2/N]    1.42 × 10−11 
Mechanical quality factor Q         2000 
TABLE III 
TRANSDUCER METALS MATERIAL PROPERTIES 
Material                   Ti6Al4V      A2 Tool Steel Copper 
Density [kg/m3]        4430       7860    8900 
Young’s Modulus [GPa]        109       203    110 
Poisson’s Ratio                         0.313   0.285    0.370 
Acoustic Impedance [Pa ∙ s/m × 106] 27.32   45.40    41.61  
III. BLT DESIGN AND CHARACTERISATION 
A. Design of BLTs 
The initial study compares the vibration response of 8 mm 
diameter cylindrical BLTs tuned to L1 at around 20 kHz. The 
BLTs have one, two and three pairs of piezoceramic rings, and 
are modelled and tuned using finite element analysis (FEA) 
software package (Abaqus-Simulia, Dassault Systèmes). If the 
BLT is excited at an odd longitudinal-mode (L1, L3, L5 …), the 
piezoceramic elements are located at the nodal plane, and hence 
are resonance tuned [28]. The even number modes are not 
considered in this study because piezoceramic rings are located 
at anti-nodal planes, anti-resonance tuned, which generally 
results in a low effective coupling coefficient, 𝑘eff, and a low 
oscillation amplitude [29]. 
Six amplitude gain profiles are introduced into the BLT front 
mass to increase the vibration amplitude. The relative 
effectiveness of these classical gain-horn profiles on smaller 
devices is investigated by comparing with theoretical 
calculation and published results on larger (20 kHz) devices. 
The profiles are cylindrical, catenoidal, conical, cosine, 
exponential, and stepped. 
The short devices consist of four piezoceramic rings and 
their length ranges from 50 mm to 70 mm, depending on the 
horn geometry. During assembly, the transducer components 
were pre-stressed following guidelines for achieving a stable 
response without risking depolarisation [30], [31]. For an 
applied pre-stress in the recommended region of less than 30 
MPa [32], the applied torque is determined to be no more than 
3.0 Nm. For each BLT, the correct pre-stress was identified by 
monitoring the impedance-frequency characteristics as the 
applied torque was increased. The resonance and 
anti-resonance frequencies increased but then stabilised when 
the required pre-stress was reached.  
B.  Characterisation 
The BLTs were all characterised using electrical impedance 
analysis (IA), experimental modal analysis (EMA), and 
harmonic response analysis.  
1) Electrical impedance analysis  
Impedance analysis (IA) measurements are performed using 
an impedance analyser (Agilent 4395A). A swept signal of 1 V 
peak-to-peak over a bandwidth covering the frequency range of 
interest was applied and the impedance spectrum was measured. 
The effective electromechanical coupling coefficient, 𝑘eff, was 
calculated from the impedance spectrum data using equation (1) 
[33], providing a measure of the BLT’s conversion efficiency 
from electrical energy to mechanical vibrations. 






2          (1) 
Where 𝑓𝑎  is the anti-resonance frequency and 𝑓𝑟  is the 
resonance frequency.  
Mechanical Q is also considered here because it is an 
important indicator of a power ultrasonic device’s potential to 
achieve high ultrasonic amplitudes and low losses. However, 
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the Q of PZT material tends to exhibit an inverse relationship 
with 𝑘eff [34]. Therefore, for BLTs there is a trade-off between 
the volume of PZT and the size of the transducer in trying to 
simultaneously increase 𝑘eff whilst maintaining a high Q, and 
hence maximise the power of the device [35].  
2) Experimental modal analysis 
Experimental modal analysis (EMA) is performed by 
measuring the frequency response functions (FRFs) from a grid 
of vibration response measurement points on the transducer 
surface, from which the modal parameters (frequency, damping, 
and mode shape) are extracted [36]. A white noise excitation 
signal of 15 Vrms is generated by a signal generator (Quattro, 
Data Physics) and amplified by a power amplifier (QSC RMX 
4050HD), before being supplied to the transducers. A 3-D laser 
Doppler vibrometer (CLV3000, Polytec) is used to measure 
three orthogonal components of the vibrational velocities from 
the grid points. Data acquisition and processing software 
(SignalCalc, Data Physics) is used to calculate the FRFs from 
the excitation and response signals and then to apply 
curve-fitting routines to extract the magnitude and phase data. 
Finally, the measured FRFs are exported to modal analysis 
software (ME’scopeVES, Vibrant Technology Inc) to extract 
modal parameters. 
3) Harmonic response analysis 
To study the vibration responses of the BLTs excited in 
resonance at higher excitation levels, harmonic analysis 
experiments are performed. A BLT is excited via a frequency 
sweep through a range from below to above the resonance, 
using a burst sine signal generated from a signal generator 
(Agilent 33210A) and amplified by a power amplifier 
(HFVA-62). The longitudinal vibration response is measured 
using a 1-D laser Doppler vibrometer (OFV 303, Polytec) from 
a grid point on the BLT front face. 
To minimise frequency shifts due to thermal effects of the 
PZT elements at high excitation levels, each sine burst signal 
has a fixed 6000 oscillation cycles, which is sufficient to ensure 
steady-state is reached, but is sufficiently short to minimise 
heating. Further, a 3.0 second time interval between sequential 
bursts ensures a constant temperature is maintained for the 
complete frequency sweep. Response data are captured with a 
resolution of 5 Hz, which is sufficiently small to observe 
detailed changes in the vibration response. The excitation 
voltage is stepped from 1, then 10 to 100 V (rms) in increments 
of 10 V and the displacement amplitude-frequency response is 
measured at each excitation level. 
C. Impedance matching 
To optimise the energy transmission efficiency of the BLTs, 
it is crucial to match the output impedance of the signal 
generator and power amplifier, which is normally 50 Ω, to the 
impedance of the ultrasonic transducer. A matching circuit is 
designed by modelling the transducer as an electrical circuit at 
its resonance.  
There are a number of equivalent electrical circuit models 
 
Fig. 3 (a) Butterworth-Van Dyke model at resonance, (b) 
simplified equivalent circuit at resonance with an LC matching 
network configuration 
which can be used to represent a transducer at the series 
resonance, and the most common being the Butterworth-Van 
Dyke (BVD) model [37], shown in Fig. 3 (a). RSE represents 
the radiation and mechanical losses of the transducer. The 
motion capacitance and inductance, CSE and LSE respectively, 
model the resonance performance of the transducer, and C0 is 
the clamping capacitance of the transducer. The impedance of 














)               (2) 
 Where ωs and ωp are series and parallel angular resonance 









                                  (3) 
At series resonance, the combined effect of the reactive 
components, LSE and CSE, exhibits a phase of zero degrees. The 
transducer presents a purely resistive characteristic, and the 
circuit simplifies to RSE in parallel with C0. 
Fig. 3 (b) shows the simplified equivalent circuit of a 
transducer excited by an electrical source through an LC 
configured matching network. VE is the electrical source, RE is 
the resistance of the source which is around 50 Ω, and Lm and 
Cm are the inductance and capacitance of the matching network 














− 1) − C0
                          (4) 
 The impedance and resonance frequency of the BLTs in this 
study are measured using the impedance analyser, and the 
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parameters of the BVD model RSE , CSE, LSE and C0  are also 
extracted from these measurements. The LC matching network 
is implemented by selecting a capacitor, of capacitance as 
calculated in equation (4), and the inductor is fabricated by 
winding a 1 mm diameter copper wire around a toroidal ferrite 
core. The number of turns of the winding is adjusted until the 
highest level of vibration amplitude at the BLT’s end face is 
reached. 
IV. RESULTS 
A. Results of the control BLTs 
 
Fig. 4  Impedance-frequency spectrum measurements of the 
L1 and L3 modes showing the change of resonance and 
anti-resonance frequencies of BLT(4)
(Control)
  
Fig. 4 shows the measured impedance of BLT(4)
(Control)
 for the 
L1 and L3 modes, illustrating the identification of the required 
torque applied to the bolt to achieve a sufficient pre-stress for 
electrical stability of the transducer. As can be seen in the figure, 
the change in the resonance frequency diminishes as the torque 
is increased. When no further resonance frequency change is 
measured, electrical stability has been reached. For the BLTs 
shown here, at a torque of 3 Nm there was no further increase in 
the resonance or anti-resonance frequencies. 
The electromechanical coupling coefficient 𝑘eff, which is an 
important figure of merit to evaluate the ratio of delivered 
mechanical energy to the stored total energy in the transducer, 
is calculated from the resonance and anti-resonance frequencies. 
Additionally, the Q factor is calculated from the impedance at 
series resonance, which indicates the amount of converted 
mechanical energy preserved in the transducer, with a higher Q 
value offering a narrower bandwidth and a lower damping.  
However, high Q can also result in more challenging control 
under load fluctuation [35]. Importantly for power ultrasonic 
devices, both coupling coefficient 𝑘eff  and Q are calculated 
here from a static and low excitation impedance analysis, which 
may not be constant or representative of high dynamic 
excitation levels.  
 
Fig. 5 FEA predicted and EMA measured normalised L1 and 
L3 mode waveforms of BLT(4)
(Control)
 
The mode shapes and modal frequencies (Fig. 5) are in close 
agreement between FEA predictions and EMA measurements, 
including the precise locations of the nodal and anti-nodal 
planes. An important observation is that the cylindrical bar 
presents a non-unity gain for both L1 and L3 modes, as 
calculated from the normalised amplitude at the end of the front 
mass and back mass. For these BLTs, this is due to the uneven 
mass distribution of the pre-stress bolt, which requires the front 
mass to be a little longer than the back mass to locate the PZT 
rings centred on the nodal plane.  
 
Fig. 6 Example of the frequency response function 
measurement of BLT(4)
(Control)
 at L1 mode 
The damping ratio of the transducer is extracted from 
averaged FRF measurements from the bandwidth at -3 dB of 
the peak response. Fig. 6 shows an example of the averaged 
FRF, where the red line is at -3 dB. From this, mechanical Q is 
calculated for all BLTs under dynamic excitation, which should 
be more representative of the operating conditions of the BLTs.  
The vibration responses of the three control BLTs with 
impedance matching networks are presented in Fig. 7. The first 
observation is that the ultrasonic amplitude of the control BLTs 
in L1 mode is much higher than L3 mode for the same 
excitation level, reaching over 15 µm and 6 µm for BLT(6)
(Control)
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Fig. 7 Vibration response from harmonic response analysis of 
the three control BLTs for L1 and L3 modes 
at 100 V (rms), due to lower energy in higher harmonics. For 
both modes, the ultrasonic amplitude increases with number of 
PZT rings. A softening nonlinear response is observed for all 
configurations and excitation levels, exhibited in Fig. 7 as a 
series of response curves whose backbone bends towards the 
left [38]. Mechanical Q is also calculated from these 
measurements, from the response at the lowest excitation of 1 V 
that presents the most linear (symmetric) response curve 
around the resonance.  
In order to interrogate these vibration responses, presented in 
Fig. 8 are the Q values calculated from the three different 
measurements (IA, EMA and HA), and also the square of the 
coupling coefficient, as 𝑘eff
2 , the amplitude gain and the product 
of Q, 𝑘eff
2  and gain (using the Q values extracted from EMA).  
The Q values show a significant spread between different 
measurement data from which they are calculated, indicating a 
change in the capability of the transducer to preserve the 
converted mechanical energy as the driving condition changes. 
Q values extracted from the harmonic response analysis 
measurements at 1 V excitation, from experimental modal 
analysis measurements at 15 V excitation and from impedance 
analysis, show how losses in these BLTs under excitation 
conditions are not well captured by impedance analysis and that 
Q is not constant at different excitation levels. From both 
dynamic measurements, Q decreases for both modes from two 
to four PZT rings, from 300 to 150 for L1 and 500 to 100 for L3, 
and there is little change from four to six rings. This is 
consistent with a lower Q for BLTs with a higher PZT to metal 
 
Fig. 8 Q, 𝑘eff
2 , gain, and the product (Q ∗ 𝑘eff
2 ∗ gain), for L1 
and L3 modes for the three control BLTs 
ratio combined with the higher losses associated with 
additional interacting surfaces.  
There is a linear relationship between 𝑘eff
2  and number of 
PZT rings. However, this trend is known to saturate when the 
PZT rings cover half of the BLT equivalent length, where 
equivalent length is the full length of the transducer in the L1 
mode [35]. This saturation can be seen for the 6 PZT ring BLT 
in the L3 mode, where the equivalent length is now a third of 
the length of the transducer. This trend is also exhibited in the 
gain, with a linear increase with number of rings in L1 mode 
and a saturation in the gain in L3 mode. 
The combined effect of Q ∗ 𝑘eff
2  has been considered 
previously as a figure of merit in maximising transducer 
performance [35]. However, it is clear from Fig. 8 that the 
measurement of Q is not consistent between measurement 
methods and that the gain of a BLT cannot be assumed to be an 
unity. It is therefore proposed that the product of Q, 𝑘eff
2  and 
gain, where Q is extracted from EMA, will be a more suitable 
figure of merit for power ultrasonic devices where the aim is to 
excite high ultrasonic amplitude. The results show an increase 
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with number of PZT rings in the transducer for the BLT in both 
modes, and are consistent with the displacement amplitudes in 
Fig. 7 for all three control devices. 
 
Fig. 9  Resonance frequency shift of control BLTs in L1 and 
L3 modes at increasing excitation level and displacement 
amplitude 
Fig. 9 shows how the change in the resonance frequency, as 
defined by the change from the resonance frequency at 1 V 
excitation, increases with increased applied voltage (excitation 
level) and with increasing displacement amplitude in L1 and L3 
modes for all the control BLTs, using data from Fig. 7. Since 
the effects of temperature have been eliminated from these 
measurements, frequency shifts are mainly due to nonlinearity 
in piezoelectric properties at higher excitation levels, which can 
cause loss of performance and efficiency in ultrasonic 
transducers [39]. The BLT with 6 PZT rings has the lowest Q 
(see Fig. 8) due to its high PZT to metal ratio and largest 
number of interfaces. It also exhibits very large frequency shifts 
because of this high volume of PZT and because it achieves a 
higher amplitude, or a larger material strain. Frequency shifts 
up to 300 Hz and 1 kHz were measured in L1 and L3 modes, 
respectively. 
 These results for the control BLTs provide some 
expectations for the challenges of creating small BLTs. Where 
the resonance frequency is similar to the L3 mode frequency of 
the control BLTs, and a larger PZT to metal ratio is needed to 
achieve sufficient ultrasonic amplitude to cut hard or soft 
tissues, the frequency shifts at high excitation levels could 
make resonance control and tracking very difficult and 
jeopardise the stability of the device. 
B. Cascaded transducer 
 The cascaded BLT with three sets of 4 PZT rings in L3 mode 
is compared with both the control BLT with 4 rings in L3 mode 
and the BLT with 4 rings that is approximately one third of its 







. The impedance 
measurements are presented in Fig. 10.  
 





 in L3 mode and BLT(4)
(Bar)
 in L1 mode 
 The cascaded BLT in L3 mode has a very low impedance but 
a similarly wide bandwidth, (𝑓𝑎 − 𝑓𝑟), as the small BLT in L1 
mode, which results in a higher electromechanical coupling 
coefficient than the control BLT. However, BLT(4)
(Control)
 
exhibits a sharper trough at the series resonance which 
corresponds to a higher mechanical Q. The impedance of the 
three BLTs is affected by the ratio of PZT to metal, as was 
observed in the characteristaions of the control BLTs 
previously. Additionally, impedance of BLT(4)
(Control)
 is affected 
here by having PZT rings at only one of its nodal planes.  
 
Fig. 11  FEA vs EMA of BLT(4−4−4)
(Cascaded)
 in L3 mode and 
BLT(4)
(Bar)
 in L1 mode 
 The vibration modes and resonance frequencies predicted in 
FEA and extracted from EMA, shown in Fig. 11, show a close 
agreement in the nodal plane locations and gains. Compared to 
the control BLT in L3 mode (Fig. 5), the cascaded transducer 
has a slightly lower gain because it has a more even mass 
distribution. 
 The vibration response from harmonic response analysis 
measurements is shown in Fig. 12. For the cascaded BLT, the 
displacement amplitude ceases to increase beyond 90 V 
excitation level, which is similar to the control BLT excited in 
L3 mode shown in Fig. 7. The amplitude saturation of the small 
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Fig. 12  Harmonic response anaysis of BLT(4−4−4)
(Cascaded)
 in L3 
and BLT(4)
(Bar)
 in L1 
BLT occurs at 60 V, but all three BLTs achieve a very similar 
amplitude of around 5 µm. This reveals a key limitation of 
small BLTs to deliver ultrasonic amplitude, but the results also 
demonstrate how a 20 kHz BLT in L3 (control or cascaded 
version) is a good predictor of the achievable amplitude of an 
L1 BLT of approximately a third of its length and three times its 
fundamental frequency. The cascaded BLT exhibits a similarly 
wideband impedance response, but the small transducer 
exhibits a stronger nonlinearity at higher excitation levels.  
 
Fig. 13  Q factor, 𝑘eff
2 , gain, and (Q ∗ 𝑘eff








 The data from these results are compared for the three 
transducers in Fig. 13. Again, the challenge of a realistic 
measurement of Q is illustrated by the large variations between 
methods, in this case with the estimations from EMA being 
around twice the Q values estimated from the impedance 
analysis and 1 V harmonic analysis. The data from 
experimental modal analysis are considered to be more 
representative of the losses under dynamic excitation of the 
BLTs and this is supported by the results that show the control 
BLT, which has lower PZT to metal ratio than the small BLT, 
has the highest Q as the cascaded BLT. 
 The coupling coefficients further illustrate the impedance 
measurements that showed a narrow frequency band between 
the anti-resonance and resonance frequencies of the control 
BLT and a much wider bandwidth of the cascaded and small 
BLTs, with the small BLT having the highest 𝑘eff
2  value. Both 
the gain (of 1.2) and the product (Q ∗ 𝑘eff
2 ∗ gain)(of 22) of the 
cascaded and small BLTs are almost equal, again showing how 
the configuration of the cascaded BLT in L3 mode exhibits 
very close dynamic characteristics of the small BLT in L1 
mode. The use of  (Q ∗ 𝑘eff
2 ∗ gain) as a figure of merit is also 
supported by clearly distinguishing these two BLTs from the 
control BLT, which achieves a similar displacement amplitude 
but is not as close a dynamic model overall for the small BLT as 
the cascaded configuration.  
 Some caution is necessary for interpreting the results for the 
design of high power ultrasonic BLTs. It is clear that 
estimations of Q are very dependent on the measurement 
methods and therefore on excitation level and these estimations 
are also affected by the nonlinear response characteristics of the 
BLTs. The coupling coefficient is calculated from the 
impedance measurement and both parameters are unlikely to be 
constant for increasing excitation levels. This also means that 
the impedance matching networks, whose inductance and 
capacitance values are calculated from the impedance analysis, 
may not be an optimal configuration, especially when large 
shifts in the resonance frequency occur at high excitation levels 
as seen in Fig. 12.  
 
Fig. 14  Resonance frequency shift of the control, cascaded 
and small BLTs with increased excitation level and 
displacement amplitude 
 The shift in resonance frequency as the increase in the 
excitation levels for the three BLTs are shown in Fig. 14. 
Results show that the cascaded BLT in L3 mode and the small 
BLT in L1 mode exhibit more than three times higher 
frequency shifts at the highest excitation level than the control 
BLT (3 kHz compared to 600 Hz). For the small BLT in L1 
mode this illustrates a proportionate relationship between 
frequency shift and resonance frequency, with its frequency 
being three times that of the control BLT. The results are also 
consistent with the study of control BLTs in Fig. 9 where the 
PZT to metal ratio is the dominating influence in the nonlinear 
response. The cascaded and small BLTs show a very close 
agreement for the frequency shift at increasing displacement 
amplitude. 
  The frequency shifts further illustrate the challenges of 
designing small BLTs as the driver for ultrasonic devices. The 
next step is to incorporate a gain profile into the front mass of 
small BLTs to investigate if this mitigates or exacerbates these 
issues associated with nonlinear dynamic responses. 
C. Small gain-profile BLTs 
A simple approach for miniaturising an ultrasonic device is 
to configure the whole device into one half-wavelength of the 
L1 mode frequency. This means that an amplitude gain profile  
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Fig. 15  Measured impedance of the gain-profile BLTs 
can be incorporated into the front mass of the BLT. The six 
small BLTs with different gain profiles are shown in Table I. 
The measured impedance is shown in Fig. 15 which also 
highlights the differences in resonance frequency for BLTs of a 
similar length but different front mass profile. All small BLTs 
were originally tuned to the L1 mode at 45 kHz. However, for 
example, a slightly shorter pre-stress bolt was used for the 
conical shape transducer due to a shallower threaded hole in the 
front mass. This has resulted in a higher resonance frequency, 
demonstrating the sensitivity of resonance frequency on small 
differences in mass of metal in the device. The resulting mode 
shapes and amplitude gains are presented in Fig. 16, 
demonstrating that the EMA measurements of the BLTs are in 
close agreement with the predictions performed in the design 
process using FEA.  
The harmonic response analysis results are presented in Fig. 
17 and are arranged in ascending order of the maximum 
displacement amplitude at 100 V excitation level, measured 
from the front face of the front mass. The measurements are all 
then summarised in Fig. 18, with the Q estimated from all three 
measurement methods, and Fig. 19 which presents the 
resonance frequency shifts at increasing excitation level. 
All small BLTs exhibit strong nonlinear responses as 
expected from the previous studies of the control and cascaded 
BLTs and this is not mitigated by the addition of a gain profile. 
However, the achievable amplitude is increased, with the 
stepped profile BLT achieving close to the target displacement 
amplitude of 30 µm pk-pk at a 100 V excitation level.  
A significant spread of Q estimations, from around 40 to 
over 200, is again shown in Fig. 18, with the values estimated 
from harmonic response analysis being consistently lower than 
the other two estimations. Both sets of Q estimations from the 
dynamic characterisations show some consistency across the 
six BLTs, although the values are very different, whereas the 
estimations from impedance measurements vary significantly 
between BLTs.   
𝑘eff
2  values also exhibit only small variations across the BLTs, 
ranging from 0.07 to 0.09, showing that front mass profile has 
little effect on the electromechanical coupling. The BLT with a 
conical front mass has the highest value and this reflects its 
distictive, larger bandwidth impedance as seen in Fig. 15.  
 
Fig. 16   The L1 mode frequencies and mode shapes showing 
the amplitude gain of the six gain-profile BLTs 
 
Fig. 17  Vibration response of the gain-profile BLTs at 
increasing excitation level 
 The amplitude gain has values from 1.1 (cylindrical) to 2.8 
(stepped) as seen in Fig. 16. The order of these gains and the 
achievable gain for the six geometries diverge from those 
calculated for large 20 kHz ultrasonic horns reported in a 
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Fig. 18  Q, 𝑘eff
2 , gain, and (Q ∗ 𝑘eff
2 ∗ gain) of the gain-profile 
BLTs 
previous study, where the horns were a half wavelength of the 
L1 mode frequency [40]. In that study, the comparable (i.e. 
using the same horn base and tip diameter) order and predicted 
gain values were 10.2 (stepped), 4.1 (cosine), 3.6 (catenoidal), 
3.0 (exponential), 2.4 (conical). This illustrates that theoretical 
models that are applicable to the large 20 kHz BLTs and gain 
horns that are widely applied in processes such as vibration 
assisted drilling [41], do not scale down well to much smaller 
and higher frequency devices, espcially where the horn is the 
front mass of the BLT. Fig. 16 shows that the waveforms 
exhibit a steeper gradient at locations where there are changes 
in the cross-section of the front mass. For large horns, these 
locations are usually close to a nodal plane and this distinction 
for small devices significantly affects the gain values.   
 
Fig. 19   Resonance frequency shift of gain-profile BLTs at 
increasing excitation levels and displacement amplitudes 
 The resonance frequency shifts (Fig. 19) of the gain profile 
BLTs are large, around 4 kHz at 100 V, with the cylindrical 
profile BLT exhibiting frequency shifts comparable to the 
cascaded and small BLTs characterised earlier. The data plotted 
against displacement amplitude does show clealy that the BLTs 
achieving higher amplitudes exhibit smaller frequency shifts, 
less than 2 kHz for the conical and stepped profile BLTs, which 
is important for the control and frequency tracking of small 
ultrasonic devices. 
 The proposed figure of merit, (Q ∗ 𝑘eff
2 ∗ gain) as seen in Fig. 
18, is now dominated by the gain value, but achieves a 
correction that results in the order of the BLT gain profiles 
being consistent with the achieved displacement amplitudes in 
Fig. 17. For devices with similar coupling coefficients, the 
dynamic response, and therefore achievable amplitude, is 
affected by the transducer damping as well as the gain profile. 
As has been indicated in this study, damping is difficult to 
estimate accurately and therefore a consistent methodology for 
high power ultrasonic transducers based on dynamic 
measurements of Q is needed. Interestingly, it is not possible to 
translate the figure of merit of (Q ∗ 𝑘eff
2 ) , proposed in a 
previous study [35], to these gain-profile BLTs as this would 
result in the conical profile BLT having by far the highest 
value. It is clear that figures of merit are applicable to a single 
class of BLTs only and are not useful for configurations that 
diverge, even slightly, from that class. 
Unsurprisingly, the stepped gain profile of the front mass is 
the most promising design for a small ultrasonic device, 
achieving the highest displacement amplitude and smallest 
resonance frequency shift, and this study has shown that it is 
possible to deliver a small BLT with potential for incorporating 
in an ultrasonic device, with a size that is consistent with 
minimally invasive surgeries.  
V. CONCLUSION 
A study of different configurations of BLTs is presented, 
with the aim of understanding the limitations and opportunities 
of designing ultrasonic surgical devices capable of minimally 
invasive surgeries. Important insights are provided, especially 
into the trade-offs between the transducer size, volume of 
piezoceramic material, resonance frequency, and achievable 
vibration amplitude. Several of these transducer configurations 
will now be integrated with tips and tested in vitro in tissue 
mimics and animal tissue. It is appreciated that incorporating a 
surgical tip in the front mass will alter the dynamic response of 
the device, including the resonance frequency and nonlinear 
response, but integrating a surgical tip also offers an 
opportunity to further enhance the gain of the device. The 
understanding of small BLTs gained in this study will assist in 
the design of these devices.  
Experimental characterisations of a set of control BLTs show 
that a larger number of piezoceramic rings develops higher 
electromechanical coupling coefficient, evaluated as 𝑘eff
2 , 
however Q is lower due to the higher number of interfaces and 
higher PZT to metal ratio. A larger number of PZT rings also 
leads to a larger resonance frequency shift for increasing 
excitation levels. It is also shown that for cylindrical BLTs the 
amplitude gain is not unity, due to the non-uniform mass 
distribution, which calls into question figures of merit that 
neglect gain. It is also shown that a more realistic assessment of 
Q for BLTs is estimated from dynamic measurements rather 
than transducer impedance measurements. A new figure of 
merit, (Q ∗ 𝑘eff
2 ∗ gain), with Q estimated from experimental 
modal analysis, is therefore proposed. 
The dynamic response is compared, of two nominally 20 
kHz L1 mode BLTs, one a control and one a cascaded 
configuration, excited in their L3 modes. These are then 
compared with a BLT of a third of the length excited in its L1 
mode. This illustrates the significant difficulty of exciting 
sufficient ultrasonic amplitude to cut hard or soft tissue with 
higher frequency BLTs, with all three BLTs achieving the same 
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displacement amplitude for the excitation levels tested. The 
results also show that much higher resonance frequency shifts 
are exhibited at increasing excitation levels, both for the small 
BLT in L1 mode and the longer cascaded BLT in L3 mode, all 
excited at a comparable resonance frequency. Interestingly, it is 
found that the cascaded BLT in L3 mode is a remarkably close 
proxy for the small L1 mode BLT, both exhibiting very similar 
dynamic characteristics.   
 Six BLTs with a gain profile incorporated into the front mass 
are characterised and the target ultrasonic amplitude of 30 µm 
peak-peak is achieved for the stepped profile. It is also shown 
that the order of achievable amplitude of these six BLTs does 
not match with the theoretical calculations or other figures of 
merit in the literature. The proposed figure of merit, (Q ∗ 𝑘eff
2 ∗
gain), proved to align effectively with the order of achievable 
displacement amplitude of the BLTs, providing a correction 
where gain is not the single dominating factor.    
A key further issue for future research is that standard 
characterisations of BLTs provide parameters that are not 
constant across the excitation levels associated with high power 
ultrasonic devices. It is shown here that a dynamic estimation of 
Q is more representative of a BLT under excitation and that 
resonance frequency can shift significantly for small BLTs, but 
damping, electromechanical coupling and gain are also 
excitation level dependent and this dependency is worthy of 
further investigation. On a practical level, this affects how 
impedance matching can be used effectively, with intelligent 
matching required to enable a better control.  
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